ABSTRACT The rapid development of and the increase in the number and variety of devices that emit microwave/radiofrequency (MW/RF) energies has resulted in a growing interest regarding the potential effects on health of these energies. The frequency ranges considered in this review are: 300 kHz to 300 MHz (radiofrequency) and 300 MHz to 300 GHz (microwaves 
The elucidation of the biological effects of exposure to microwave or radiofrequency (MW/RF) energies requires a careful review and critical analysis of available publications. This entails differentiating established effects and mechanisms from speculative and unsubstantiated reports. Although most of the experimental data support the concept that the effects of microwave exposure are primarily, if not only, a response to heating or altered thermal gradients in the body, there are large areas of confusion, uncertainty, and misinformation.
The organs and organ systems affected by exposure to microwave (300 MHz-300 GHz) or radiofrequency (300 kHz-300 MHz) energies are susceptible in terms of functional disturbance or structural alterations, or both. Some reactions to MW/RF exposure may lead to measurable biological effects that remain within the range of normal (physiological) compensation and are not necessarily hazardous or improve the efficiency of certain physiological processes and can thus be used for therapeutic purposes. Some reactions, on the other hand, may lead to effects that may be potential or actual hazards to health.
The non-uniform, largely unpredictable distribution of energy absorption may give rise to increases in temperature and rates of heating that could result in unique biological effects. Nevertheless, it is important to recognise that the mammalian body normally 105 is not a uniform incubator at 37°C but does contain significant temperature gradients in deep body organs that may act as functional stimuli to alter normal function, both in the heated organ and in other organs or organ systems. Thus indirect effects can be elicited in organs far removed from the site of the primary interaction.
Most of the MW/RF responses are explained by thermal energy conversion, almost exclusively as enthalpic energy phenomena.
Specific organ tissue systems may "function" at a significantly different rate if local thermal gradients are altered. Relatively large changes in circulation are provoked by quite small deviations from neutral temperature.' Body content of heat is equilibrated by approach to equality of two overall processes, gain and loss.
Absorption of MW/RF energy leads to increased temperature when the rate of energy absorption exceeds the rate of energy dissipation. Whether the resultant increased temperature is diffuse or confined to specific anatomical sites, depends on:
(a) the electromagietic field characteristics and distributions withir' ie body, and (b) the passive and active thermoregulatory mechanisms available to the organism, such as heat radiation, conduction, convection, and evaporative cooling. The 3 These studies have been criticised because the systems were subjected to a thermal stress; the chosen parameters of the applied field caused biologically significant field induced force effects in in-vitro experiments, and many of these experiments have not yet been independently replicated. There is no conclusive evidence for microwave-induced genetic effects. 4 Growth and development A few reports suggest that particular combinations of MW/RF wavelength, duration of exposure, and power density produce effects on embryological development and postnatal growth. In almost all instances, however, the reported effects may be ascribed to the excessively increased temperature caused by the exposure.5
The gonads The effect of microwaves on the testes has been Michaelso,r studied fairly extensively. Although reports indicate that high power density exposure can affect the testes,6 this can be related to the heating of the organs. The sensitivity of the testes to heat is well known.
Neuroendocrine effects Some investigators believe that endocrine changes. result from hypothalamic-hypophysial stimulation due to thermal interactions at the hypothalamic or adjacent levels of organisation, the hypophysis itself, or the particular endocrine gland or end-organ under study.7-13 According to other investigators, the observed changes are interpreted as resulting from direct microwave interactions with the central nervous system.14- '7 In either case one should not consider neuroendocrine perturbations as necessarily harmful because the function of the neuroendocrine system is to maintain homeostasis, and hormone levels will fluctuate to maintain organ stability."
Before 1970, the investigation of the effects of microwaves on endocrine balance consisted primarily of retrospective studies of exposed microwave workers. In these studies various clinical parameters were analysed to assess thyroid integrity (thyroid gland size, radioactive iodide uptake, metabolic rate, and plasma protein bound iodide-PBI). The (1) selection of the animal model with consideration of its cognitive limits, (2) methods applied for the investigation of biological processes in animals, (3) 57 On the other hand, surveys of East European workers showed functional changes in the nervous and cardiovascular systems. [58] [59] [60] In an extensive 12-year survey in Poland workers exposed to microwaves for various periods were examined for the incidence of functional disturbances and disorders considered as contraindications for occupational exposure to microwaves according to the criteria used in Poland.61-63 The population worked in identical conditions except for the exposure levels, of which there were two subgroups. Workers in the first subgroup (507 individuals) were exposed to varying power densities between 0-2 and 6 mW/cm2; in the second subgroup power densities were below 0-2 mW/cm2. No dependence of incidence of disorders, such as organic lesions of the nervous system, changes in translucency of the ocular lens, primary disorders of the blood system, neoplastic diseases, or endocrine disorders on exposure level, duration, or work history could be shown. The incidence of functional disturbances ("neurasthenic syndrome," gastrointestinal tract disturbances, cardiovascular disturbances with abnormal ECG) as reported in Soviet publications58-60 was found not to be related to the level or duration of occupational exposure. There were no instances of irreversible damage or disturbances caused by exposure to microwave energy.61
The Medical Follow-up Agency of the US National Academy of Sciences studied mortality and morbidity among 40 000 personnel of the United States Navy64 potentially exposed to radar. There was no indication of any adverse effect due to exposure to microwaves. This study was preceded by a survey to investigate physiological and physical effects among United States Navy crewmen who could be exposed to 0-1-1 mW/cm2 aboard an aircraft carrier.65 No Microwave heating has been used to relieve the pain of uterine contractions during labour.90 91 The analgesic effect was found helpful in 2000 selected patients without obstetric pathology, and the babies were born healthy with good circulation. No evidence of injury was manifested in a one-year follow-up of the children; there was no evidence of mental retardation. Four cases of chromosome anomalies in controls and two cases in the irradiated group were noted. It is important to note that the human fetus at parturition is almost fully developed, thus gross structural defects at this late stage of development would not be expected.
There Reports of effects in man must be put in perspective. Epidemiological and incidence studies may suffer from inadequate design and examination as well as lack of data on actual power levels and duration of microwave exposure. It is essential that evaluation be made of the multiple environmental factors which may interact among themselves and with personal characteristics of the individual. There is always the danger that real factors may be overlooked leading to false association with factors of initial interest.
Analysis of occupational exposure to MW/RF energies is fraught with many difficulties. Of utmost importance is the assessment of the relationship between exposure levels and the health status of the examined groups of workers. The problem of adequate control groups is controversial and hinges mostly on what one considers "adequate."
Quantification of occupational exposure is extremely difficult. This is particularly true when personnel move around in the course of their duties or are exposed to non-stationary fields, such as moving beams or antennae, as well as to near-and far-fields at random. The possible role of other environmental factors and of socioeconomic conditions must be taken into account. As 2) 025 (900/f2) 0 025 0-025 (f/300) 0-125 given in columns 3 and 4. For convenience, these guides may be expressed in equivalent plane wave power density (column 2). For both pulsed and non-pulsed fields, the power density, the mean squares of the field strengths, and the values of SAR or input power as applicable, are averaged over any 0-1-hour period and should not exceed the values given in the above table. Where whole-body exposure is concerned, the radiofrequency protection guide is believed to result in energy deposition averaged over the entire body for any 0 1-hour period of about 144 J/kg or less. This is equivalent to an SAR of about 0 40 W/kg or less, spatially and temporally averaged over the entire body mass. This recommendation will no doubt be adopted with only minor modifications, if any.
The ANSI standard applies to the total population. In other words, the standard applies to non-occupational as well as occupational exposures but is not intended to apply to the purposeful exposure of patients by or under the direction of practitioners of the healing arts. The US National Institute for Occupational Safety and Health (NIOSH) is developing a criteria document with recommended standards for occupational MW/RF exposures, which is, except for certain modifications, comparable to that recommended by ANSI. Britain has in the past followed the standards in the US. It is doubtful, however, that the British standard will be changed from the present 10 mW/cm2 level.
In Canada ( A critical review of studies into the biological effects of microwaves indicates that many of the investigations suffer from inadequacies of either technical facilities and energy measurement skills or insufficient control of the biological specimens and the criteria for biological change. More sophisticated conceptual approaches and more rigorous experimental design must be developed. There is a great need for systematic and quantitative comparative investigation of the biological effects, using wellcontrolled experiments. This should be done by using sound biomedical and biophysical approaches at the various levels of biological organisation from the subcellular to the whole animal on an integrated basis, with full recognition of the multiple associated and interdependent variables.
Proper investigation of the biological effects of MW/RF requires an understanding and appreciation of biophysical principles and "comparative biomedicine." such studies require interspecies "scaling," the selection of biomedical parameters that consider basic physiological functions and work capacity, identification of specific and non-specific reactions, and differentiation of adaptational or compensatory changes from pathological manifestations.
It is important that research be conducted in such a way that all aspects of the study are quantified, the type and magnitude of the effect, whether the effect is harmful, harmless, or merely an artifact, and how it relates to the results obtained by other investigators. For microwave bioeffects, body size of the experimental animal must be taken into account. Since body-absorption cross-sections and internal heating patterns can differ widely, an investigator may think he is observing a low-level or a "nonthermal" effect in an animal because the incident power is low, while in fact the animal may be exposed to as much absorbed power in a specific region of the body as another larger animal exposed to a much higher incident power density. The contrary can hold at low frequencies. In the performance of experimental studies on animals, interspecies scaling factors must, therefore, be used for extrapolation to man.
Well-designed and appropriately controlled epidemiological and clinical investigations of groups of workers and others exposed to microwaves should be fostered. Studies of workers and individuals exposed to MW/RF energies along with appropriate control groups should include a thorough analysis of the exposure environment, including co-factors as well as electromagnetic fields. There is always the danger that real factors may be overlooked, leading to false association with factors included in the study. Such interacting factors could be heat, cold, toxic agents, hypoxia, noise, other radiant energies such as x rays, chronic disease, and medication.
Because of the difficulties in extrapolating from animal experiments to man, epidemiological studies, Michaelson including appropriate clinical and laboratory examinations, are essential to improve our understanding of possible health hazards from exposure to MW/RF energies. As noted by Silverman,5152 it is difficult to identify exposed populations, select suitable controls, and obtain exposure data. Some study groups already characterised can be improved by the acquisition of additional exposure data, some groups should be followed for longer periods, and some should be investigated for additional endpoints.
The reports from Eastern Europe of a wide variety of functional changes and possible nervous system effects have yet to be confirmed. In appropriate epidemiological studies, medical reports should be augmented to include an assessment of emotional and psychological status.
A careful search should be made for exposed groups not yet investigated or considered for study. In epidemiological studies, as in experimental or clinical work, there is rarely a single study, positive or negative, that can be accepted as definitive. Replication and validation are needed at all exposure levels.
Although there is no direct evidence that microwaves are carcinogenic, more intensive and extended morbidity monitoring to identify malignancies would be appropriate.51 52 There is a need for scientific competence and integrity. It is important to maintain a proper perspective and assess realistically the biomedical effects of MW/RF exposure, so that the worker or general public will not be unduly exposed nor will research, development, and beneficial use of these energies be hampered or unnecessarily restricted. 
